Members of the dynamin superfamily are GTPases which have been shown to support receptor-mediated endocytosis in vivo and bind to growth factor receptor-associated proteins in vim. In acinar cells of the pancreas, receptormediated endocytosis is very important for the recycling of membranes after secretory granule release. Therefore, characterization of the molecular machinery responsible for this process is critical for a better understanding ofthis phenomenon. In this study we sought to determine the expression pattemoftheendocyticGTPasedynaminIIduringpcreatic acinar cell differentiation in developing rat embryos and in dexamethasone-treated AR42J cells using Western blot, Northern blot, and immunocytochemical analyses. During
Introduction
Receptor-mediated processes are vital for the normal functioning of exocrine pancreatic acinar cells. One of the primary roles of these cells is the exocytic release of zymogen granules in response to specific agonist stimulation (Kem, 1994) . This secretory process strikingly parallels the release of neurotransmitter-containing vesicles at neuronal synaptic terminals, after which membranes are recycled via receptor-mediated endocytic processes (Vijay Raghaven, 1995) . In neurons, it is well established that a family of proteins known as dynamins play a crucial role in receptor-mediated endocytosis for rapid recycling of secretory vesicle membranes (Hinshaw and Schmid, 1995; Takei et al., 1995; Damke et al., 1994; Herskovits et al., 193b; van der Bliek et al., 1993; Koenig and Ikeda, 1989; Kosaka and Ikeda, 1983) . Expression of dominant-negative mutant forms of both the Drosophdz and the mammalian brain dynamin, for example, results in accumulation ofinvaginated coated pits and inhibition of receptor-mediated endocytosis (Damke et al., 1994; Herskovits et al., 1993a; van der Bliek et al., 1993; Koe- Supported by NIH Gnnt lR29 NS33282-01 (RU). Comspondence to: Dr. Rad Urmtia, Gastroenterology Rcsearch Unit, 2-445 Alfred Bldg., Saint Mays Hospital, Rochester, MN 55905. pancreatic development, dynamin immunoreactivity is almost undetectable until day E17 but undergoes significant upregulation in acinar cells starting at E18. In addition, the le-vels of dynamin mRNA and protein in AR42J cells increase approxitnately threefold during dexamethasone-induced acinar diEerentiation. The increase in dynamin levels that occurs in both embryonic pancreatic cells and dexamethasonetreated AR42J cells correlates with the establishment of a more difhentiated acinar phenotype. Therefore, these results suggest a potential role for dynamin in supporting receptor-mediated endocytosis in mature pancreatic acinar cells. (J Histochem Cytochem 44:1373-1378, 1%) KEY WORDS: Dynamkq Pancreatic cell differetniation; Acinar; AR42J. nig and Ikeda, 1989; Kosaka and Ikeda, 1983) . In addition to its role in receptor-mediated endocytosis, biochemical evidence suggests that dynamin interacts with SH3-containing proteins that link growth factor receptors to the appropriate signaling cascades (Ando et al., 1994; Miki et al., 1994; Scaife et al., 1994; Seedorf et al.. 1994; Gout et al., 1993; Herskovits et al., 1993b) . One such SH3containing adaptor protein, GRB2, also associates with dynamin in a number of different cell culture systems and, on binding, is capable of stimulating the enzymatic activity of dynamin up to 13-fold in vitro (Gout et al., 1993; Herskovits et al., 1993b) . These data imply that such protein-protein interactions may also be important for normal dynamin function during receptor-activated signaling.
Dynamin I, the first member identified within the mammalian dynamin superfamily, is a neuron-specific gene product that is developmentally regulated during neuronal differentiation both in vivo and in vitro (Torre et al., 1994; Nakata et al., 1993; Scaife and Margolis, 1990; Obar et al., 1990; van der Bliek and Meyerowitz, 1991) . In addition, the reduction of dynamin I levels by antisense oligonucleotides impairs the ability of hippocampal neurons to develop in culture (Torre et al., 1994) , suggesting that this neuronspecific GTPase is necessary for neuronal differentiation. Recently, we and others have also identified another member of the dyna-min superfamily, dynamin 11, which is ubiquitously expressed in rat tissues (Cook et al., 1994; Sontag et al., 1994) . This suggests that dynamin proteins may be involved in non-neuronal receptormediated phenomena.
Because of the importance of receptor-mediated processes in the normal biology of secretory acinar pancreatic cells, we are pursuing the characterization of dynamin in this tissue. In this study we determined the pattern of expression of dynamin I1 during pancreatic acinar cell differentiation in both normally developing rat embryos and during dexamethasone-induced acinar cell differentiation of the exocrine pancreatic cell line AR42J. We report that selective upregulation in the expression of dynamin accompanies differentiation of pancreatic acinar cells. I n view of these results, we discuss the implication of dynamin in receptor-mediated processes that are characteristic of mature pancreatic acinar cells.
Materials and Methods
Immunocytochemistry. Rat embryos were fixed in 4% formalin-j% calcium acetate, dehydrated in graded alcohols, cleared in xylene, and embedded in paraplast. Sections were then stained with hematoxylin and eosin or processed for immunohistochemistry with an immunoperoxidax detection system (Zymed; San Francisco. CA). Endogenous peroxidase activity was eliminated by treating tissue sections with a freshly prepared solution of H202 in methanol. For detection of dynamin immunoreactivity, sections were incubated overnight at 4'C with a previously characterized monoclonal antibody (MAb) that recognizes the amino terminal region of this protein (Seedorfet al., 1994) (Transduction Laboratories; Lexington, KY). An anti-a-amylase MAb (Sigma; St Louis. MO) was also used as a marker for exocrine pancreatic acinar cells. The reactions were detected with a biotinylated secondary antibody and peroxidase-labeled avidin. Peroxidase activity was developed with diaminobenzidine as a substrate. Sections were counterstained with hematoxylin for 1 min and mounted.
CeU Culture, RNA Preparation, and Northern Blot Analysis. The acinar pancreatic cell line AR42J was obtained from American Type Culture Collection (Rockville, MD) and was cultured in DMEM plus 10% fetal bovine serum under an atmosphere containing 5 % CO2. Control cells were grown in the absence of dexamethasone for 72 hr. Dexamethasoncwasadded to medium at a concentration of 50 pM for 24, 48. or 72 hr. Total RNA cxtranion was performed by the method ofchomcyznski and Sacchi (1987) . Total RNA from tissue samples was prepared by the same method. using frozen powdered tissue asstarting material. mRNA was purified from total RNA using an oligo d(T) column according to standard protocols (Sambrook et al.. 1989) . RNA samples were separated on a 1% agarose-2.2 M formaldehyde gel, blotted onto Hybond-N+ nylon membrana (Amersham; Arlington Heights, IL). and crosslinked for 2 min in a uv crosslinker (Stratagene; LaJolla, CA). Membranes were prehybridized for4 hr at 68'C using RapidHyb buffer (Amersham) containing 100 wglml of denatured salmon sperm DNA. Hybridization was performed overnight under the same conditions with 4 nglml of a random-primed 32P-labeled dynamin I1 cDNA probe (Cook et al., 1994) . Membranes were washed with a final stringency of 0.1 x SSPE plus 0.1% SDS at 65'C. Autoradiography was carried out at -8O' C using X-Omat film and intensifying screens. For quantitative purposes, signals were normalized to the level of glyceraldehyde-3phosphate dehydrogenax (GAPDH) mRNA after blot rehybridization. as previously described (Cook et al., 1994) . Quantitation of dynamin and GAPDH levels was done by densitometry of autoradiographs using Adobe-Photoshop 3.0 (Adobe Systems; Mountain View, CA) and Image 1.47 (NIH; Bethesda, MD) software.
Quantitative Western Blot Analysis. AR42J cells were cultured as described above and harvested in a buffer containing 20 mM Tris-HCI (pH 7.5), 1 mM MgCI2, 2 mM EGTA, 0.1%. (vlv) Triton X-100. 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mglml leupeptin, and 10 mg/ml pepstatin. Samples were centrifuged for 5 min at 12.000 x g, and the supernatant was quantitated for protein concentration by the BCA method (Pierce; Rockford. IL). Seventy-five pg of cell extracts was separated on a 10% SDS-polyacrylamide gel according to the procedure of Laemmli (1970) and subsequently transferred to nitrocellulose paper as described by Towbin et al. (1979) . The membranes were blocked overnight at 4°C with 5 % nonfat milk in PBS containing 0.05% Tween-20 and incubated for 2 hr at room temperature with the anti-dynamin MAb described above. Detection of bound antibodies was performed by incubation with a goat antimouse alkaline phosphatase-labeled secondary antibody and developed using BCIP-NBT as a substrate (Promega; Madison, WI). Quantitation of dynamin levels was performed by densitometry of the developed Western blot using AdobePhotoshop 3.0 and Image 1.47 software.
Results

Upregulation of Dynamin II in Pancreatic Acinar
Cells During Acquisition of a Mature Phenotype
Using Northern blot analysis with probes specific for dynamin I, 11, and 111, we have recently reported that dynamin I1 is the only isoform expressed in rat pancreas (Cook et al.. in press) . We and others have also demonstrated that upregulation of the neuronspecific dynamin I isoform during perinatal development correlates with neuronal cell differentiation (Cook et al., in press; Torre et al., 1994; Nakata et al., 1991 Nakata et al., ,1993 Faire et al., 1992) . Therefore, in this study we aimed to characterize the expression pattern of dynamin I1 during acinar cell differentiation using rat embryos and Northern blot analysis of dynamin II and GAPDH from embryonic and adult pancreas. Ten pg of total RNA isolated from the pancreas of pups at Day E18 or 2 pg of adult rat pancreas mRNA were used for Northern blot analysis of dynamin II expression during normal pancreas development. Rehybridization with a probe against the housekeeping gene GAPDH was done to normalize loading. The experiment was performed twice, and a representative Northern blot (A) and corresponding quantitative histogram (6) are depicted. Densitometry of autoradiographs from both experiments was quantitated and dynamin II-GAPDH levels were determined in relative densitometric units. E18 dynamin 11-GAPDH relative densitometric units were calculated as 0.526 and 0.529, and adult levels were 1.25 and 1.0. Note that dynamin II mRNA levels are approximately twofold higher in adult pancreas than from Day E18 pancreas. Differences in absolute values of upregulation reflect differences in probe labeling and exposure times. (c). and E18 (d). Note that upregulation of dynamin occurs upon the acquisitii of a more mature acinar phenotype (amms) from ductulelike structures (amwhw Immunoreactivity of dynamn in rat brain at each embryonic day was used as a positii control. (e) Dynamin immunoreactiii in E17 rat brain as a m i con Dynamin immunoreactivity is also obse&" in brains from animals at E15 €18. and €18. (1) admylase immunoreactivity in rat pancreas at E18. Dynamin munoreactivity appears in the acinar cells of the exocrine pancreas similarly to that of aamylase (arrows). Note that dynamin immunoreactivity is present in endocrine portion of the pancreas (open arrows). Ban = 100 pm.
the AR42J cell line model. Initially, we compared the adult level of expression of dynamin I1 with that of embryonic pancreas at embryonic day 18 (E18) by Northern blot analysis. Figure 1A shows that the level of dynamin I1 mRNA in adult pancreas is higher than in pancreas at E18. Densitometric values of dynamin I1 levels normalized to the housekeeping gene GAPDH demonstrate that this increase is approximately twofold, as indicated in Figure 1B . Interestingly, the previously reported upregulation of dynamin I mRNA levels observed in PC12 cells during NGF-induced neuronal differentiation is of a similar magnitude (Scaife and Margolis, 1990 ). Subsequently, we performed immunocytochemistry on wholemount embryos throughout pancreatic development, using a wellcharacterized anti-dynamin monoclonal antibody (Seedorf et al., 1994) . With this technique we found that dynamin immunoreactivity was almost undetectable in pancreas at Days E15 through E17 (Figure 2a-2c ) but underwent significant upregulation in cells starting at E18 (Figure 2d ). Note that this upregulation in dynamin expression occurs in pancreatic acinar cells (arrows) but is undetectable in ductule-like cells (arrowheads). The dynamin immunoreactivity was detected in the brain of the same animal at each developmental stage to serve as an intemal positive control ( Figure  2e ). The sections were also stained with an a-amylase antibody as a marker for the exocrine portion ofthe pancreas. The islets o f h g e rhans were clearly recognized by their typical spherical shape and negative staining by this antibody (Figure 2f, open arrows) . Therefore, taken together, these results indicate that, in the exocrine rat pancreas, dynamin upregulation accompanies the acquisition of a mature acinar phenotype, suggesting that these cells, like neurons, need increased levels of dynamin upon differentiation. Interestingly, islet cells of the endocrine pancreas also appeared to display dynamin immunoreactivity (Figures 2d and 2f , open arrows), suggesting that this protein is also important in the biology of hormone-secreting cells.
Upregulation of Dynamin I . in the Rat Exocrine Pancreatic CeU Line AR42J During Dexamethasone-induced Acinar Dzfferentiation
To better define the expression of dynamin I1 in differentiating pancreatic acinar cell populations, we determined the levels of dynamin mRNA and protein during dexamethasone-induced acinar cell differentiation of AR42J cells using Northem and Western blot analyses ( Figures 3A and 3B, respectively) . Figures 3C and 3D show densitometric values resulting from these experiments, demonstrating that the levels of dynamin I1 mRNA ( Figure 3C ) and protein ( Figure 3D ) in AR42J cells are increased approximately three-to fourfold after 3 days of dexamethasone treatment. This increase of dynamin levels in dexamethasone-treated AR42J cells correlates with the establishment of a more differentiated acinar phenotype and agrees with the immunocytochemical data obtained from the developmental studies represented in Figure 2 .
Discussion
Dynamin is a protein found to be essential for receptor-mediated endocytic uptake of synaptic vesicles membranes after neurotrans-mitter release (Hinshaw and sfhmid, 1995; %kei et al., 1995; Damke et al., 1334; Hershits et al., 1993a; van der Bliek et al., 193; Koenig and Ikeda, 1989; Kosaka and Ikeda, 1983) . We and others have previously shown that expression of the neuron-specific dynamin isoform is upregulated during synaptogenesis in neurons, in agreement with a role for this protein in endocytosis at the axonal terminal (Torre et al., 1994; Nakata et al., 1993; Scaife and Margolis, 1970) . However, the identification of a ubiquitously expressed dynamin isoform (dynamin 11) indicates that dynamin-mediated processes are not unique to neuronal cells (Cook et al., 1994; Sontag et al., 1994) . Therefore, this finding has led us to hypothesize that dynamin-mediated processes are important for endocytic recycling of secretory membranes after stimulated secretion in epithelial cells.
Pancreatic acinar cells offer a suitable cell model for study of the role of dynamin in this process because significant recycling of membranes occurs after agonist-stimulated zymogen granule exocytosis in these cells (Kern, 1994) . However, no current data are available regarding the expression of dynamin proteins in this organ. To begin addressing this hypothesis, in the present study we used well-established cellular and animal models of pancreatic cell differentiation to determine the expression pattern of dynamin I1 during acquisition of an acinar phenotype. Our results demonstrate that, during development, the expression of dynamin I1 is significantly upregulated between Days E17 and E18, at the time when pancreatic ductule-like structures differentiate into acinar cells. In rat, for example, the appearance of zymogen granules occurs at Day El6, and synthesis of digestive enzymes is dramatically increased between Days E16 and E18 (Githens, 1974) . Previous studies from our laboratory have shown that dynamin II expression is not regulated in liver cells, which do not exhibit agonist-stimulated secretion (Cook et al., 1994) . Furthermore, we have also found that the expression of dynamin I1 is not regulated in neurons (Cook et al., in press). Finally, we have recently reported that dynamin immunoreactivity remains k h l y expressed in mancozeb-nitrwmethylurea-induced pancreatic acinar hyperplasias but are dramatically reduced in ductule-like lesions (Valentich et al., 1996) , demonsttating that the association of dynamin with an acinar but not ductular exocrine pancreatic cell phenotype is maintained during neoplastic transformation. These studies, in combination with the results reported here, suggest that regulated expression of dynamin II prcferentially occurs during differentiation of a secretory epithelial cell.
In this study we also determined the temporal pattem of expression for this protein in differentiating AR42J cells, a widely used isolated cell model for studying acinar pancreatic cell differentiation (Christophe, 1994) . Using this system, we have established that the levels of both dynamin mRNA and protein increase during induced acinar dfirentiation of these cells. Therefore, this pattern of expression resembles the dynamin expression pattem determined in vivo, providing a useful in vitro model for future functional studies on the role of dynamin in endocytic recycling of secretory granule membranes.
In summary, the results reported in this study on the regulated expression of dynamin during acinar cell differentiation are of significant relevance to the biology of mature secretory cells and provide a framework for more mechanistic studies designed to better understand recycling after regulated secretion in acinar pancreatic cells. cells treated with 50 PM dexamethasone for 0.1,2, or 3 days was used for Northern blot analysis of dynamin I1 expression. Rehybridization with a probe against the housekeeping gene GAPDH was performed to normalize loading. (C) Dynamin Il-GAPDH values from both Northern blot analyses were normalized to its 0 time point, and indicate that maximal upregulation in dynamin mRNA levels of 2.939 (Experiment 1. represented in A and C) and 8.774 (Experiment 2) occurs after 3 days of dexamethasone treatment. Differences in absolute values of upregulation reflect differences in probe labeling and exposure times. (B) Forty pg of cell lysate from AR42J cells treated with dexamethasone for 0, 1. 2, or 3 days was used for Western blot analysis of dynamin protein expression. Lysates were separated on a 10% SDSpolyacrylamide gel, transferred to nitrocellulose. and a monoclcb nal antibody against dynamin coupled with a NBT-BCIP detection system was used to detect dynamin expression. (D) Histogram of dynamin protein expression during dexamethasone-induced acinar cell differentiation of AR42J cells. Dynamin levels from both Western blot analyses were normalized to its 0 time point and indicate that maximal upregulation in dynamin protein levels of 4.0 (Experiment 1. represented in B and D) and 2.1 (Experiment 2) occurs after 3 daw of dexamethasone treatment. Differences in the absolute values of dynamin protein levels reflect differences in developing times and transfer efficiency. Note that dynamin II is upregulated at both the RNA and the protein level durig acquisition of a more acinus-like phenotype in these cells. 
